ABSTRACT RNA-binding proteins play critical roles in regulation of gene expression, and impairment can have severe phenotypic consequences on nervous system function. We report here the discovery of several complex neurological phenotypes associated with mutations of couch potato (cpo), which encodes a Drosophila RNAbinding protein. We show that mutation of cpo leads to bang-sensitive paralysis, seizure susceptibility, and synaptic transmission defects. A new cpo allele called cpo EG1 was identified on the basis of a bang-sensitive paralytic mutant phenotype in a sensitized genetic background (sda/ϩ). In heteroallelic combinations with other cpo alleles, cpo EG1 shows an incompletely penetrant bang-sensitive phenotype with ‫%03ف‬ of flies becoming paralyzed. In response to electroconvulsive shock, heteroallelic combinations with cpo EG1 exhibit seizure thresholds less than half that of wild-type flies. Finally, cpo flies display several neurocircuit abnormalities in the giant fiber (GF) system. The TTM muscles of cpo mutants exhibit long latency responses coupled with decreased following frequency. DLM muscles in cpo mutants show drastic reductions in following frequency despite exhibiting normal latency relationships. The labile sites appear to be the electrochemical GF-TTMn synapse and the chemical PSI-DLMn synapses. These complex neurological phenotypes of cpo mutants support an important role for cpo in regulating proper nervous system function, including seizure susceptibility.
R NA-BINDING proteins perform myriad crucial roles logical condition paraneoplastic opsoclonus myoclonus ataxia (POMA), patients lose inhibitory control of mothroughout the life of an RNA molecule in eukaryotes. Subsequent to their genesis in the nucleus during tor neurons in spinal cord and brainstem. POMA is associated with the ectopic expression of the NOVA transcription, pre-messenger RNAs (pre-mRNA's) are bound by RNA-binding proteins, which mediate their family of RNA-binding proteins, which regulate neuronspecific alternative splicing (Jensen et al. 2000a,b) . In maturation into mRNA's via processing reactions, such as splicing, editing, capping, and polyadenylation. RNAhumans with fragile X syndrome, impaired expression of the cytoplasmic RNA-binding protein, FMRP, leads to binding proteins then assist in transporting mRNA's to mental retardation, likely resulting from misregulation of the cytoplasm where they are instrumental in regulating mRNA transport or translation (Perrone-Bizzozero and the translation, stability, and localization of the tranBolognani 2002). scripts. In addition to translated RNAs, the discovery of Several neurological disorders that have been characregulatory nontranslated RNA genes, termed micro terized in animal models with defective RNA-binding RNA's because of their minuscule size (Ͻ100 nucleoproteins include jerky and quaking in mice and pumilio tides) suggests additional functions for RNA-binding in Drosophila. The jerky mice exhibit temporal lobe proteins (Ambros 2001). Thus, RNA-binding proteins epilepsy analogous to the most common seizure disorserve a most critical role in the control of gene expresder in human adults. The jerky gene encodes an RNAsion, especially in the nervous system where extensive binding protein postulated to regulate mRNA usage in alternative splicing occurs and aberrations frequently neurons, which is inactivated in the mutant (Liu et al. result in neurological disease. 2002) . The quaking mice exhibit tonic-clonic seizures Many neurological disorders result when the perforand hypomyelination. An RNA-binding protein involved mance of RNA-binding proteins goes awry, highlighting with mRNA nuclear export appears responsible for the their importance in the maintenance of fundamental "quaking" defects (Larocque et al. 2002) . In Drosophneuronal processes. For example, in the human neuroila, pumilio mutants show defects in embryonic development and maintenance of neuronal excitability. The pumilio mutant exhibits increased rates of long-term fa-1 females crossed to w/Y; sda males. Exceptional w/Y; sda/ϩ an RNA-binding protein that acts as a translational remale progeny that showed bang-sensitive paralysis were indipressor (Wreden et al. 1997) .
vidually crossed to set up appropriate stocks. The cpo EG1 allele
The work presented here examines a Drosophila has previously been called line N (Zhang et al. 2002) al. 1992a,b) . The cpo l2 and cpo l ⌬cp11 alleles behave as recessive lethals. Note that scaffold position 12297|12298 appears to be nuclear localization sequence (Bellen et al. 1992b ). the Caenorhabditis elegans gene mec-8; and the human generated in this work as a precise excision of the P element in gene RBP-MS (Lundquist et al. 1996; Shimamoto et al. cpo EG1 flies that reverts cpo EG1 phenotypes to wild type. The slamdance (sda) gene maps to 97D and encodes an aminopeptidase Gerber et al. 1999) . The cpo gene has also been N (Zhang et al. 2002) . The sda allele utilized was sda iso7.8 , caused linked to the human neurodegenerative disorder spinoby a 2-bp insertion in the 5Ј-untranslated region. The sda mutation cerebellar ataxia type 1 (SCA1 increased seizure susceptibility manifested as seizure
Flies were rested for a minimum of 2 hr following CO 2 anesthesia prior to testing.
thresholds that are less than half that of wild-type flies.
Electrophysiology : Electrophysiological analysis was per-
We have examined existing cpo alleles and have shown that formed on male flies using methods previously described to they fail to complement the electrophysiological defects stimulate and record GF-driven muscle potentials and seizures associated with cpo
EG1
. Taken together, these findings sug- (Kuebler and Tanouye 2000) . Briefly, the fly was removed gest a neurological basis for the complex cpo behavioral from a food vial by sucking onto its head with a 23-gauge syringe defects described previously. In addition to the previously needle attached to a vacuum line. Another syringe needle was then used to suck onto the abdomen, thereby completely postulated role that cpo plays in PNS differentiation and immobilizing the fly. The fly was then mounted by gluing a normal adult behavior, this work provides evidence that tungsten wire across the fly's neck. In experiments, the GF RNA-binding proteins are also essential for the proper was driven by brain stimulation via bipolar tungsten electrodes functioning of synapses in the adult CNS and for regulatinserted through the ventral antennal margin and into the ing susceptibility to seizure.
brain. The preparations were grounded by placing an electrode into the abdomen. Stimulating, recording, and ground electrodes were all made from uninsulated tungsten wire (WPI 0.075 mm), electrolytically sharpened to the desired diameter, MATERIALS AND METHODS usually Ͻ1 m. Experiments requiring thoracic ganglion stimulation of dorsal longitudinal muscle (DLM) and tergotroFly stocks: The cpo gene is located on the third chromosome chanteral muscle (TTM) motoneurons were conducted simiat map location 90D1-6 and encodes a putative RNA-binding larly except that stimulating electrodes were bent at 45Њ angles protein (Bellen et al. 1992b) . The mutant cpo allele, cpo
, and inserted just through the anterior pre-episternum, near the was identified in a screen that selected for bang-sensitive parabase of the first coxa, as described in Kuebler and Tanouye lytic mutant phenotypes revealed in a sensitized genetic back- analyzed for BS behavior independent of the sda muta- causes recessive lethality.
The dehydrated tissues were then cleared and mounted using Molecular and genetic basis of cpo EG1 mutation: The xylenes.
cpo EG1 mutation was mapped by both molecular and genetic methods. Molecularly, plasmid rescue was used to isolate genomic DNA flanking the insertion site of RESULTS the P element responsible for cpo EG1 . This flanking DNA Isolation of the cpo EG1 mutation: The cpo EG1 mutation was then sequenced and compared to the information was identified in a P-element mutagenesis screen for available in the Drosophila genome database using the new seizure-sensitive mutants that utilized sda heterozyBerkeley Drosophila Genome Project Blast program. This gotes as a sensitized genetic background (Zhang et al. comparison identified the location of the cpo EG1 inser-2002). Subsequent mapping and complementation tests tion within the cpo gene in the 90D1-6 region of the third chromosome ( Figure 1 ). By sequencing the flanking showed that cpo EG1 is an allele of cpo. Behavioral and Figure 1 .-The cpo locus at 90D on chromosome III. The cpo locus at 90D1-6 is large and complex, spanning Ͼ100 kb and encoding three different messages: cpo 61.1 (3.4 kb), cpo 61.2 (2.5 kb), and cpo 17 (3.0 kb). For simplicity, only the transcript corresponding to cDNA 61.1 is shown; the mutations described here apparently affect only this transcript (Bellen et al. 1992b) . The exons are represented as numbered boxes. The solid boxes correspond to untranslated exons, while the hatched boxes correspond to proteincoding exons. The relationship of cpo 61.1 to the corresponding nucleotide numbers in genomic scaffold AE003720 (release 3) is indicated below the splicing diagram. All of the alleles examined in this study are P -element insertions in the promoter region of transcript 61.1 just 5Ј to exon 1. Interestingly, the cpo alleles EG1, l2, cp1, and cp2 are all inserted at the same site between nucleotides 12297 and 12298 on scaffold AE003720. The v3 allele is a P-element insertion 8 nt 3Ј of the other alleles. All of these insertions are positioned between enhancer-like sequences and the transcription start site for cpo 61.1 at 12335 (the transcription start site is indicated as a large boldface A in the expanded portion). This region has been shown to contain most of the key regulatory sequences for cpo expression (Bellen et al. 1992b). genomic DNA back toward the P element, the exact locagene sequence reveals three putative ORFs that encode proteins containing a nuclear localization sequence, an tion of the insertion was identified. The P element responsible for the cpo EG1 mutation is inserted in an intron 38 OPA repeat, and a conserved RRM (Bellen et al. 1992b) .
Between residues 1 and 193 of Cpo 61.1 protein, cpo bp upstream of the transcription start site, between nucleotides 12297 and 12298 of genomic scaffold AE003720 possesses a putative bipartite nuclear localization signal suggesting a role for cpo in the nucleus. This assertion (release 3), corresponding to nucleotides 415 and 416 of the Cpo 61.1 cDNA described in Bellen et al. (1992b) .
is corroborated by the results of antibody staining, which show that Cpo protein is localized to the nucleus The location of cpo EG1 is situated between binding sites for several transcription factors and the transcrip- (Bellen et al. 1992b ). Cpo protein also contains an OPA repeat between amino acids 194 and 296, implying a tion start site and appears to be a hot spot for P-element insertion. At least 10 cpo P-element alleles have been neural role for cpo that is supported by the behavioral, electrophysiological, and expression phenotypes of cpo mapped to the same 100-bp region of 90D, especially between nucleotides 12297 and 12298 where cpo EG1 is (Bellen et al. 1992b) . OPA repeats were first discovered in the neurogenic gene Notch, which is important for inserted. Interestingly, 6 other cpo alleles share the exact same insertion site as cpo EG1 : alleles cpo
, differentiation of the PNS (Wharton et al. 1985) . They consist of glutamine-dense regions of CAG and CAA cpo l3 , cpo l6 , and cpo v2 . The different insertions produce different phenotypes apparently dependent on size, orirepeats and although their importance is not fully understood, they commonly appear in neural-specific proentation, and type (Bellen et al. 1992a,b (Lundquist et al. 1996; Shimamoto et al. 1996; Gerber et al. 1999) . RRM ments cpo
. Furthermore, cpo EG1 phenotypes are reverted to wild type by precise excision of the P element, domains consist of 80-100 amino acids and are usually present in one to four copies in proteins that bind preas seen in cpo ⌬125 flies.
Sequence analysis of the cpo gene: Analysis of the cpo mRNA, poly(A) RNA, heterogeneous nuclear RNA (hnRNA), and small nuclear RNA (snRNA). An individual RRM domain contains two conserved sequences called RNP1 and RNP2, which are necessary for binding to RNA, and the overall secondary structure or expression data are known for RBP-MS, but computer simulations support the idea that RBP-MS can bind to RNA (Sahasrabudhe et al. 1998) . Of these genes, mec-8 and mating vigor (data not shown). Furthermore, we seems to align most closely with cpo in expression and confirmed that cpo v3 complements cpo behavioral abnorphenotype. Both exhibit nuclear localization and both malities (data not shown). These are consistent with the are associated with nervous system developmental deobservations of Bellen et al. (1992a) . The heteroallelic fects. In addition, both cpo and mec-8 possess alanine combinations cpo
/cpo cp1 and cpo
/cpo cp2 show BS paand glutamine (AQ) rich regions that are also common ralysis in 32 and 18% of flies, respectively (Figure 2 ). in other neural-specific proteins with RRM domains, In addition, other viable combinations of the cpo alleles such as embryonic lethal abnormal vision (elav) and musashi tested showed some degree of paralysis following me- (Robinow et al. 1988; Nakamura et al. 1994; Lundquist chanical stimulation, except for combinations involving et al. 1996) . It should be noted, however, that the homolcpo v3 (Figure 2 ). The ability of the cpo v3 allele to compleogy of cpo to hermes, mec-8, and RBP-MS is limited to the ment the paralysis phenotype of cpo mutants correlates RRM domains of these proteins. Regardless, the striking with previous behavioral analysis ( Bellen et al. 1992a) . similarity between the RRM domains of cpo and these
The BS paralysis seen in cpo flies shares some similarigenes indicates that they may bind similar targets and ties and differences with members of the BS paralytic may act in similar pathways. When taken as a whole, the class of behavioral mutants. The paralytic phenotype of sequence, localization, and phenotype of cpo seem to cpo flies shows incomplete penetrance, unlike canonical indicate an important role for cpo in regulating nervous members of the BS paralytic class, such as eas, bss, and system-specific transcripts required for proper nervous sda, in which 100% of flies become paralyzed following system function, possibly by mediation of alternative mechanical stimulation. Paralysis in cpo flies usually lasts splicing or RNA export out of the nucleus.
‫54-52ف‬ sec, during which time the flies lie completely The cpo BS paralytic behavior: Mutants of cpo have been motionless with occasional slight leg movement. This shown to display a number of behavioral abnormalities, recovery time is similar to the time required for recovery including sluggishness and abnormal phototaxis, geotaxis, in sda, which ranges from 30 to 60 sec, but it is much flight, ether recovery, and mating vigor (Bellen et al. briefer than the recovery period observed in eas and 1992a; Hall 1994). Here, we show that cpo mutants also bss, which ranges from 60 to 300 sec for both (Zhang show /cpo cp2 flies show recpo flies have increased seizure susceptibility: All mutants showing BS paralytic behavioral phenotypes, incovery times of 83.2 Ϯ 23.8 sec (n ϭ 5) and 98.6 Ϯ 15.0 sec (n ϭ 7), respectively, which is longer than the 48.9 Ϯ cluding bss, eas, and sda, have been found to have low seizure thresholds in electrophysiology experiments.
5.4-sec recovery for eas and shorter than the 136 Ϯ 6-sec recovery for bss (J. Tan, personal communication). We examined seizure thresholds for cpo mutations in heteroallelic combinations to examine correlates with These recovery periods are decidedly longer than the 29.9 Ϯ 1.6-sec recovery for wild-type Canton-S flies the BS behavioral defect. The seizure threshold here is defined as the minimum voltage required to elicit (J. Tan, personal communication) and the 34.4 Ϯ 7.2-sec (n ϭ 5) and 39.1 Ϯ 5.5-sec (n ϭ 10) recovery times aberrant high-frequency DLM motoneuron activity by administration of an ECS to the brain of the fly. Howfor cpo
/ϩ and cpo ⌬125 /cpo ⌬125 flies, respectively. Also similar to other BS mutants, cpo flies always exhibit reever, it should be noted that previous work has shown that seizures are not limited to the DLMs, but rather covery seizures following synaptic failure. Finally, the decreased seizure threshold of cpo mutants is not accominvolve at least seven different muscle groups and Ͼ30 thoracic motoneurons. A seizure, which appears as inpanied by a change in GF response threshold, a phenomenon also observed in BS mutants (Figure 3 ). tense, high frequency muscle activity, is followed by a brief period of synaptic failure through the GF pathway cpo acts as an enhancer of seizure mutation: The cpo EG1 /ϩ mutation was identified on the basis of geduring which time brain stimulation fails to elicit DLM muscle potentials.
netic interaction with the BS paralytic mutation sda. We examined some general features of this interaction. , this allele was found to function as a dominant enhancer of 11.1 Ϯ 3.7 V ECS (n ϭ 10) and 13.3 Ϯ 4.8 V ECS (n ϭ 7), respectively, sufficient to elicit seizures ( Figure 3; the sda/ϩ BS paralytic phenotype. That is, ‫%33ف‬ of cpo EG1 /ϩ sda/ϩ double heterozygotes showed BS paraly- Table 1 ). These values are about two to five times higher than those in the other BS mutants, but still approxisis (n ϭ 425), a substantially greater number than that in sda/ϩ and cpo EG1 /ϩ parentals, ‫%1ف‬ (n ϭ 257) and mately two times lower than those in wild type, placing cpo flies in the unique position of being almost exactly 0% (n ϭ 71), respectively. We examined the possibility that other cpo alleles also act as enhancers. The double intermediate between the known BS mutants and wild type with regard to seizure susceptibility. BS mutants heterozygote cpo l2 /ϩ sda/ϩ showed ‫%44ف‬ BS paralysis (n ϭ 119). The double heterozygote cpo cp1 /ϩ sda/ϩ have seizure thresholds that range from 3.2 Ϯ 0.6 V (bss) to 6.2 Ϯ 0.8 V (sda). Wild-type strains do not show showed ‫%57ف‬ BS paralysis (n ϭ 93). We examined the possibility that cpo EG1 can enhance other BS mutations by seizure activity until given high-frequency stimuli ranging from 25.5 Ϯ 3.7 V (Berlin) to 39.3 Ϯ 6.6 V (Oregontesting for interaction with eas. The double heterozygote eas/ϩ; cpo EG1 /ϩ showed ‫%7ف‬ BS paralysis (n ϭ 149), R) (Kuebler et al. 2001) . Precise excision of cpo EG1 in cpo ⌬125 flies reverts the seizure threshold to a wild-type greater than the 0% BS paralysis (n ϭ 103) that was shown for the eas/ϩ parental. level of 29.0 Ϯ 4.5 V ECS (n ϭ 10). This intermediacy in seizure threshold correlates with the BS paralytic beInteraction between cpo and sda is also observed in seizure threshold measured electrophysiologically. We havior of cpo mutants, which shows only ‫%03ف‬ penetrance compared with the 100% penetrance seen in the have shown previously that seizure threshold for sda/ϩ heterozygotes is 21.0 Ϯ 0.6 V ECS (J. Tan, personal known BS mutants.
The seizures in cpo flies appear qualitatively similar communication). The cpo EG1 allele acts as a dominant enhancer of seizure susceptibility: the cpo EG1 /ϩ sda/ϩ to those observed in other BS mutants with a few quantitative differences. Seizures in cpo flies exhibit the three double heterozygote has a seizure threshold of 14.4 Ϯ 3.1 V ECS (n ϭ 10). The cpo cp1 allele also acts as a dominant phases that are characteristic of Drosophila seizures: initial seizure, synaptic failure, and recovery seizure. These three enhancer of seizure susceptibility: the cpo cp1 /ϩ sda/ϩ dou- ble heterozygote has a seizure threshold of 11.8 Ϯ 1.6 mality in the GF, (2) a synaptic transmission defect between the GF and the TTM motoneuron, (3) an ac-V ECS (n ϭ 9). Excision of the P element in cpo EG1 eliminates the sda enhancement phenotype restoring tion potential conduction abnormality in the TTM motoneuron, (4) a synaptic transmission defect at the TTM the seizure threshold to 20.3 Ϯ 1.1 V ECS (n ϭ 10) in cpo ⌬125 /ϩ sda/ϩ flies. neuromuscular junction (NMJ), or (5) some other, more complex neurocircuit alteration. The abnormality in cpo flies exhibit synaptic defects in the GF system: Mutants of cpo show alterations in GF-TTM response, the GF-TTM pathway does not appear to be due to the TTM motoneuron or the TTM NMJ. This is indicated but the basis for this defect is not known. In wild type, this response is via a monosynaptic pathway and has by direct electrical stimulation of the TTM motoneuron showing that the cpo mutant response is similar to wild a characteristically short latency that is stable at high frequencies of stimulation. In cpo mutants, this shorttype in latency and following frequency. The latency of the TTM response following direct motoneuron stimulatency response is replaced by a longer latency GF-TTM response that cannot follow even moderate frelation for cpo EG1 /cpo cp1 is ‫4.0ف‬ msec, which is similar to the CS wild-type latency of 0.66 Ϯ 0.05 msec (Tanouye quencies of stimulation. This appears to be due to an alteration in the GF-TTM neurocircuit in the mutant.
and Wyman 1980). The following frequencies of the TTM response following direct motoneuron stimulation Possibilities for such a neurocircuit alteration include, for example: (1) an action potential conduction abnorfor cpo EG1 /cpo cp1 and CS are both Ͼ100 Hz. The defect in the GF-TTM pathway is probably not due to an action GF and proximal to the TTM motoneuron, that is, most likely at the synapse connecting the GF with the TTM potential conduction abnormality of the GF. This is inferred from an examination of the GF-DLM response motoneuron. Examination of GF anatomy in cpo EG1 / cpo cp1 flies reveals no gross morphological abnormalities. in cpo mutants that is normal in latency and, although measurably impaired in following frequency, is markIn cpo flies, the GF appears to make the proper lateral bend in the mesothoracic neuromere to contact the tergoedly less impaired than the GF-TTM response ( Figure  4 ; Table 1 ). From this we infer that the latency abnormaltrochanteral motoneuron (TTMn)(data not shown).
The GF-TTM synapse has been shown previously to be ity of the GF-TTM response is not due to the GF, which is common to both pathways. The latency abnormality a bifunctional synapse with a component that transmits electrically via gap junction and a component that transand at least a portion of the following frequency defect must occur after the GF pathways to the TTM and DLM mits via chemical transmitter (Blagburn et al. 1999) . It is difficult from these experiments to determine whether diverge. The implication from these observations is that the defect for the GF-TTM response occurs distal to the it is the electrical or chemical component that carries The GF is a large interneuron that drives the escape jump in Drosophila in response to visual stimuli. The GF has a cell body in the brain and projects its axon down the cervical connective to the thoracic ganglion where it makes two major synaptic connections. One connection is with the tergotrochanteral motoneuron (TTMn), which in turn drives the tergotrochanteral muscle (TTM) that enables jumping. The second connection is with the peripherally synapsing interneuron (PSI), which contacts the five dorsal longitudinal motoneurons (DLMn's). These five DLMn's drive the six dorsal longitudinal muscle (DLM) fibers that are responsible for wing depression during flight. Each DLMn innervates a single DLM fiber except for DLMn5, which drives DLM fibers 5 and 6. For simplicity, DLMn's 1-3 and DLM fibers 1-3 are not included. Transmission through the monosynaptic GF-TTM pathway is fast, eliciting a response in the TTM in ‫8.0ف‬ msec. The disynaptic GF-DLM pathway produces a DLM response ‫2.1ف‬ msec following brain stimulation. In addition to producing responses with very short latencies, both pathways can follow stimuli at high frequencies. The GF-TTM pathway can follow stimulation exceeding 200 Hz, while the GF-DLM pathway exhibits following frequencies Ͼ100 Hz (Ikeda et al. 1980; Tanouye and Wyman 1980) . The small "e" designations in the figure denote electrical synapses. All other synapses are chemical. The GFTTMn synapse has been shown to have both electrical and chemical components (Blagburn et al. 1999) . ( . Shown are responses to three consecutive 0.2-sec pulses given at 0.5 Hz. The DLM latency never deviates while the TTM latency progressively increases before the muscle eventually fails. This indicates that the DLM response is capable of following at this frequency (0.5 Hz), but the TTM response is not (calibrations, 10 mV and 1 msec).
the cpo mutant defect. However, in the GF-DLM pathway, there is a clearer separation of central synapses that transmit electrically [i.e., the synapse between the GF and the peripherally synapsing interneuron (PSI)] and chemically (i.e., the synapse between the PSI and the DLM motoneuron). The cpo mutant shows a following frequency defect in the GF-DLM pathway due to some This is inferred from comparison of the GF-DLM4 response with the GF-DLM5 response. DLM4 and DLM5 are innervated by different motoneurons that receive Tanouye and Wyman 1980). Unlike other DLM pathways, the GF-DLM5 pathway does not diverge from the independent synaptic connections from a single PSI (King and Wyman 1980; Tanouye and Wyman 1980). GF-DLM6 pathway until the NMJ. In cpo
/cpo cp2 mutants, responses in both the DLM5 pathway and the DLM6 That is, the GF pathway to DLM4 diverges from the pathway to DLM5 at the PSI to DLM motoneuron synpathway fail at ‫41ف‬ Ϯ 4.8 Hz. However, during the period of stimulation when failures are occurring, a trace-by-trace apse (Figure 4) . We assumed that if the cpo mutant labile site occurs after pathway divergence, transmission comparison reveals that responses in the two DLM fibers never fail independently. That is, every time a DLM5 to the two DLM fibers will fail and recover independently. Conversely, we assumed that if the labile site is response is seen, a response is always also seen in DLM6. Every time there is a failure of the DLM5 response, a circuit element common to the two muscle fibers, that is, prior to pathway divergence, transmission to the two there is also a failure of the DLM6 response ( Figure 5) . A trace-by-trace analysis of the recovery period shows DLM fibers would not fail or recover independently. From this, we propose that the defect in the GF-DLM that the responses also do not recover independently. Our interpretation is that the labile site is the synapse pathway is distal to the PSI since the GF-DLM4 response and the GF-DLM5 response fail independently. That is, between the PSI and the DLM5/6 motoneuron, a circuit element that is common in the pathway to the two musin cpo EG1 /cpo cp2 mutants responses in both the DLM4 pathway and the DLM5 pathway fail at ‫41ف‬ Ϯ 4.8 Hz.
cle fibers. From these combined results, we infer that the labile site in the GF-DLM pathway lies distal to the During the period of stimulation when failures are occurring, a trace-by-trace comparison reveals that, usu-PSI and proximal to the DLM motoneuron and is most likely the synapse between the PSI and the DLM motoally, DLM4 and DLM5 responses fail together. However, occasionally, an individual stimulus will drive a DLM4 neuron.
In sum, the GF neurocircuit apparently carries an alterresponse, but a failure in DLM5; another individual stimulus might occasionally show the opposite, a DLM4 ation in the bifunctional synapse connecting the GF with the TTM motoneuron that causes an increase in failure coupled with a DLM5 response ( Figure 5 ). These occasional stimuli indicate that DLM4 and DLM5 retransmission latency and a severe lability with transmission failure rapidly occurring with repeated stimulation. sponses are capable of failing independently. A traceby-trace analysis of the recovery period shows that the The GF neurocircuit apparently also carries a moderate alteration in the synapse connecting the PSI with the responses also recover independently. As control, we compared failure of GF-DLM5 response with the GF-DLM6 DLM motoneuron that causes a small change in following frequency without a change in transmission latency. response. DLM5 and DLM6 are innervated by a single motoneuron, usually called motoneuron DLM5/6 (HarInterestingly, cpo flies still retain the ability to jump when exposed to a light-off stimulus, despite having a combe and Wyman 1977; King and Wyman 1980; dysfunctional GF to TTM motoneuron connection. The ture (Liao et al. 2000) . The seven P-element insertions between nucleotides 12297|12298 meet each of these crite-TTM is the primary jump muscle in the fly and is driven by the GF in response to a light-off stimulus. For a ria: they are inserted in euchromatin in the 5Ј region of cpo next to an 8-bp target sequence of GTTCAGGC, which wild-type fly, a light-off stimulus elicits an escape jump. However, some mutants with defective TTM pathways, closely approximates the sequence GTCCGGAC shown to be preferred by P elements (Liao et al. 2000) . such as bendless (ben), are unable to jump in response to visual stimuli. In ben flies, the GF fails to make the P-element insertions in cpo exhibit complex genetic interactions. Most interestingly, the P elements inserted terminal bend to connect to the TTM motoneuron (Thomas and Wyman 1982) . The TTM in ben flies exbetween 12297|12298 show different phenotypes on the basis of their type and size. Previously, Bellen et al. hibits a long latency response of ‫3.2ف‬ msec and a following frequency of Ͻ1 Hz (Thomas and Wyman 1984; (1992b) ) behave and latency defects, the nature of the GF to TTM motoneuron synaptic defects in cpo flies must not be severe as recessive lethals (Bellen et al. 1992b) . Bellen et al. (1992a) , which were unavailable for this study). Both teractions: Of the numerous P-element alleles of cpo, at least seven (EG1, cp1, cp2, l2, l3, l6, and v2) are inserted cpo EG1 and cpo l2 exhibit homozygous lethality due to insertions of the same P[lacZ, w ϩ ] element in the same at exactly the same site in an intronic region of cpo but with differing phenotypic consequences, thought to be location at 12297|12298. Both also yield viable progeny with bang-sensitive paralytic defects in heteroallelic due to differences in P-element type, size, and orientation. The existence of multiple independent alleles recombinations with cpo cp1 and cpo
cp2
. Therefore, the cpo EG1 mutation and the alleles examined in this study apparsulting from insertion of a transposable element in the exact same location is not a novel phenomenon. Several ently form the allelic series: Figure 2) . examples are known, such as at the white locus, the singed locus, and the ovo locus (O'Hare and Rubin 1983; cpo mutants display complex neurological deficits resembling human pathologies: The neurological pheno- Roiha et al. 1988; Dej et al. 1998 ). In addition, P elements do not insert randomly, but show preference for euchrotypes of cpo are complex, perhaps more complex than any other behavioral mutant described for Drosophila. matic sites, the 5Ј-ends of genes, and GC rich 8-bp target sequences that provide appropriate DNA secondary strucPrevious descriptions have noted a number of behav-ioral phenotypes including sluggishness and abnormal of neurological disorders in humans and mice, which tend to be more pleiotropic. In humans, epilepsy is often phototaxis, geotaxis, flight ability, ether recovery, and mating vigor (Bellen et al. 1992a; Hall 1994) . In this one of a set of symptoms found in people with diseases such as cerebral palsy, neurofibromatosis, autism, tuberstudy, we describe in detail additional abnormalities: BS paralytic behavior, seizure sensitivity, and synaptic ous sclerosis, and Landau-Kleffner syndrome. In each of these human diseases, seizures are one of a number transmission defects in the GF circuit. The BS paralytic behavior and seizure-sensitivity phenotypes of cpo invite of other neurological disorders composing the disease (Frazin 2001) . Numerous mouse models of epilepsy comparisons with other BS mutants. Unlike cpo mutants, the canonical BS mutants, such as sda, eas, and bss, usualso exhibit additional neurological conditions. Some examples include lethargic and quaking mice. The letharally show completely normal behavior: walking, flying, eating, mating, and grooming activities are all normal.
gic mouse exhibits absence epilepsy accompanied by ataxia, hypoactivity, paroxysmal dyskinesis, and reduced However, in response to mechanical stimulation, the canonical BS mutants all show 100% paralysis unlike conduction velocity and prolonged distal latency in peripheral motor nerves (Herring et al. 1981 ; Khan and cpo mutants that show only ‫%03ف‬ paralysis. Thus, the canonical BS mutants show far fewer overall abnormaliJinnah 2002). The quaking mouse exhibits tonic-clonic seizures accompanied by generalized tremors and hypoties than cpo, but the paralytic defect itself is far more extreme. In addition, although canonical BS mutants myelination defects (Hogan and Greenfield 1984) . Interestingly, the deficits in quaking mice result from a show far fewer neurological syndromes and no GF synaptic defects, they are much more sensitive to seizures than cpo defective RNA-binding protein that regulates nuclear export of myelin basic protein mRNA (Larocque et al. flies. The seizure threshold for cpo flies is 11-14 V ECS, whereas seizure thresholds for canonical BS mutants 2002). Thus, the defects in cpo mutants seem to approximate pathologies common in more complex organisms. are 3-7 V ECS.
The GF system phenotypes of cpo invite comparisons A role for cpo in regulating nervous system function: Several possibilities exist for how cpo regulates proper with other GF system mutants. The canonical GF system mutants are ben and passover (pas). Unlike cpo mutants, nervous system function and seizure susceptibility. Because of its localization to the nucleus, the interaction the canonical GF system mutants usually show relatively normal behavior. The pas mutant shows a weak legof cpo with RNA may involve participation in splicing or export of transcripts out of the nucleus. Possibly cpo shaking behavioral defect under ether anesthesia and ben shows a photochoice behavioral phenotype in choosregulates proper nervous system function by altering the balance of transcripts involved with neuronal excitation ing visible over UV light, as well as some lethargy. However, both ben and pas show an extreme GF-system behavand inhibition via one of these processes. Several animal models with defects in nuclear export of transcripts ioral defect: they cannot mount an escape jump response to a lights-off visual stimulus. Interestingly, cpo mutants and splicing display neuronal excitability defects. Some examples include the previously mentioned quaking mice, do show escape jump behavior. GF system synaptic defects also appear more extreme for canonical mutants which exhibit defects resulting from a mutation affecting the RNA-binding protein QKI, which regulates nuthan for cpo. While cpo DLMs have only following frequency deficits, pas flies are incapable of any GF-driven clear export of myelin basic protein mRNA (Hogan and Greenfield 1984; Larocque et al. 2002) . Another ex-DLM responses. Similar to cpo mutants, pas and ben flies have abnormal TTM responses marked by long latencies ample is seen in Nova-1 mice, which display progressive motor dysfunction, marked by action-induced tremor and following frequencies below 1 Hz. However, the TTM latency defect is more severe in ben flies than in and overt motor weakness, culminating in death 7-10 days after birth (Jensen et al. 2000a,b) . These defects cpo flies with a latency of 2.3 msec (Thomas and Wyman 1984; Oh et al. 1994) . In addition, the ben GFs fail to in Nova-1 mice result from deletion of the RNA-binding protein, Nova-1, which regulates alternative splicing of bend to contact the TTMn in the mesothoracic neuromeres, whereas cpo GFs appear to bend normally. Interneural-specific pre-mRNA's, such as the inhibitory GABA A receptor ␥2 pre-mRNA (Dredge and Darnell estingly, mutants of Shak-B 2 , an allele of pas, show an extremely high seizure threshold at 94.7 Ϯ 10.2 V ECS 2003). The NOVA family of RNA-binding proteins was first identified as the target antigens in the human dis- (Kuebler et al. 2001) . In addition, the Shak-B 2 mutation is a potent suppressor of seizures. Both of these characease paraneoplastic opsoclonus myoclonus ataxia, a neurological disorder characterized by loss of inhibitory teristics set apart Shak-B 2 flies as distinct from cpo mutants, which have lowered seizure thresholds and behave control of motor neurons in the spinal cord and brainstem (Musunuru and Darnell 2001) . The examples as enhancers of seizure. Thus, the canonical GF system mutants show far fewer overall abnormalities than cpo, ofcpo, quaking, and Nova-1 show that mutation of RNAbinding proteins can have serious consequences for nerbut the GF system-specific defects are more extreme.
Although the complex neurological phenotype of cpo vous system function and behavior. Although the exact mechanism underlying the seimutants makes it difficult to assign them to a particular mutant class, it also makes them a more realistic model zure susceptibility of cpo flies is unknown, some possible
